THE CIRCADIAN CLOCK regulates many physiological functions, such as blood pressure (BP), metabolism, the immune response, and renal function (1, 7, 32, 35) . Of note, Na ϩ excretion, plasma aldosterone levels, glomerular filtration rate, and renal blood flow exhibit rhythmic fluctuations (2, 25, 35, 39) . At the molecular level, the circadian clock consists of four core proteins, which interact with each other to affect transcription of circadian target genes (11) . These four canonical clock proteins are period (Per)1-3, cryptochrome (Cry)1-2, Bmal1, and Clock. Clock and Bmal1 form a heterodimer that interacts with E-boxes to transcriptionally upregulate clock-controlled genes, which include Per and Cry. Per and Cry dimerize and interact with Clock and Bmal1 to repress their transcriptional activity (3, 11) . Per1 may not act as a canonical repressor, however, as increasing evidence suggests that Per1 may activate gene expression through an unknown mechanism, and this may occur in a tissue-and gene-specific manner (8, 16, 18, 31, 36) . However, our recent work (30) demonstrated that this possible mechanism could be through repression of the circadian repressor Cry2. In this study, reduced expression of Per1 in vivo was associated with increased Cry2 expression and changes in Per1 target gene expression.
Increasing evidence links the circadian clock to the regulation of renal Na ϩ handling and overall BP control. Clock knockout (KO) mice are relatively hypotensive and exhibit dysregulated urinary Na ϩ excretion and mild diabetes insipidus (26, 40) . Per2 KO mice exhibit decreased 24-h diastolic BP, increased heart rate, and reduced daytime dipping (18) . Cry1/2 KO mice display salt-sensitive hypertension due to high aldosterone levels resulting from increased levels of 3␤-dehydrogenase isomerase (mouse: Hsd3b6 and human: HSD3B1; hereafter referred to as 3␤-HSD), an enzyme in the aldosterone synthesis pathway that is expressed exclusively in the zona glomerulosa of the adrenal glands (12) . Surprisingly, no changes were observed in the expression of the aldosterone synthase gene (CYPB11), which encodes the ratelimiting step of aldosterone production. We (16, 18, 31, 36) have previously shown that Per1 regulates both the basal and aldosterone-mediated regulation of the ␣-subunit of the renal epithelial Na ϩ channel (␣-ENaC). We (26) have also demonstrated that Per1 coordinately regulates the expression of multiple genes that contribute to the regulation of renal Na ϩ reabsorption. These include Per1-mediated positive regulation of Fxyd5, a positive regulator of Na ϩ -K ϩ -ATPase (22) , and negative regulation of endothelin (ET)-1, a potent inhibitor of ENaC (9, 23) . These findings predict that the loss of Per1 should result in decreased renal Na ϩ reabsorption, with subsequent decreased plasma volume and decreased BP. Indeed, we (36) have recently shown that Per1 KO mice have significantly lower BP compared with wildtype (WT) mice.
The renin-angiotensin-aldosterone system (RAAS) is a key hormonal regulator of Na ϩ balance and of overall fluid and BP control. Elevated aldosterone levels have been observed in Cry1/2 KO animals, and this effect was likely due to increased levels of 3␤-HSD (12) . Based on our observation that mice with reduced Per1 expression exhibit increased Cry2 (30), we hypothesized that a reduction of Per1 in vivo would result in the opposite phenotype. Thus, we investigated aldosterone levels in mice with reduced Per1 expression. Here, we show, for the first time, that reduced levels of Per1 in vivo result in reduced plasma aldosterone, decreased expression of 3␤-HSD, and impaired renal Na ϩ conservation. (6) . WT and Per1 heterozygous mice were bred in house by University of Florida Animal Care Services staff. Animals were maintained on a normal 12:12-h light-dark cycle. For plasma aldosterone experiments, mice were fed normal lab chow and given free access to water. Mice were anesthetized by inhaled isoflourane, and blood and tissues were collected and snap frozen in liquid nitrogen. Plasma and urinary levels of aldosterone were determined by ELISA (Enzo) per the manufacturer's instructions.
MATERIALS AND METHODS

Animals
For in vivo PF670462 experiments, weight-matched male WT 129/sv mice were given either vehicle (20% hydroxypropyl-␤-cyclodextrin) or 30 mg/kg PF-670462 subcutaneously every 12 h for 2.5 days starting at noon and euthanized at midnight 12 h after the last injection. The dose and time have been previously published and described by others (27) .
For normal and low-Na ϩ diet urinalysis experiments, mice were housed in metabolic cages, as previousy described (15), and fed a powdered diet (Teklad 99131, 0.2% Na ϩ and 0.6% K ϩ ) made as a gel (45% food, 1% agar, and 54% water) or a low-Na ϩ diet (Teklad 03582, 0.02% Na ϩ and 0.6% K ϩ ) also made as a gel. Mice had free access to a water bottle. Per1 heterozygous mice were fed what WT mice of a similar body weight ate the previous day. Fecal material was dried overnight at 200°C and digested in 0.75 N nitric acid overnight at 37°C, as previously described (15) . Samples were then homogenized and filtered for analysis by flame photometry. Urine and feces were collected daily. Urine and fecal electrolytes were measured using a digital flame photometer (model 2655-00, Cole Parmer Instruments).
Cell culture. NCI-H295R cells were purchased from the American Type Culture Collection (CRL-2128) and maintained as per American Type Culture Collection recommendations in DMEM-F-12 plus ITSϩ premix (0.00625 mg/ml insulin, 0.00625 mg/ml transferrin, 6.25 ng/ml selenium, 1.25 mg/ml BSA, and 0.00535 mg/ml linoleic acid, BD Biosciences) and 2.5% Nu-Serum I (BD Biosciences).
For RNA silencing experiments, nontarget and SMARTpool small interfering (si)RNA for human Per1were purchased from Dharmacon. siRNA were used according to the manufacturer's instructions. Cells were transfected using Dharmafect 1.
Casein kinase (CK)1-␦/ε inhibitor experiments were performed as previously described (30, 31) . For dose and time course, NCI-H295R cells were treated with either 0.1, 1, 10, or 100 M of the CK1-␦/ε inhibitor PF-670462 or vehicle (water) for 24, 48, or 72 h. For nuclear entry experiments, NCI-H295R cells were treated with 0.1 M PF-670462 or vehicle for 24 h.
RNA isolation and quantitative real-time PCR. Total RNA was isolated using TRIzol (Invitrogen) according to the manufacturer's instructions. RNA (10 g) was treated with DNA-free DNase I (Ambion). DNase I-treated RNA (2 g) samples were used as the template for reverse transcription with the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). The resulting cDNAs (20 ng) were then used as the template in quantitative real-time PCRs (Applied Biosystems) to evaluate changes in Per1, HSD3B1, Hsd3b6, CYPB11, and actin mRNA levels. Cycle threshold (C t) values were normalized against ␤-actin, and relative quantification was performed using the ⌬⌬Ct method (21) . Fold change values were calculated as the change in mRNA expression levels relative to the control level. TaqMan primer/probe sets were purchased from Applied Biosystems.
Nuclear protein isolation and Western blot analysis. Nuclear extracts were isolated using the NE-PER kit (Pierce) according to the manufacturer's instructions. Protein concentrations were then quantified by BCA assay (Pierce). Proteins were separated on a 4 -20% Tris-HCl Ready Gel (Bio-Rad) and transferred to a polyvinylidene difluoride membrane. The membrane was blocked with 2% nonfat dry milk in Tris-buffered saline plus 0.05% Rodeo Saddle Soap (TBSS; 
(ENZO).
A: plasma aldosterone in wild-type (WT) and Per1 heterozygous (Per1 het) mice at noon and midnight. n ϭ 4 -9. B: relative 3␤-dehydrogenase isomerase (3␤-HSD) mRNA expression from adrenal glands harvested from WT and Per1 het mice at noon and midnight. n ϭ 4-8. WT expression at midnight was set to 100%. C: relative CYPB11 mRNA expression from adrenal glands harvested from WT and Per1 het mice at noon and midnight. WT expression at midnight was set to 100%. n ϭ 4-8. *P Ͻ 0.05 compared with WT mice; †P Ͻ 0.05 compared with time (noon vs. midnight); ‡P Ͻ 0.001, interaction via twoway ANOVA.
USB) and incubated overnight at 4°C with anti-Per1 (1:500, Pierce) or anti-␤-actin (1:500, Santa Cruz Biotechnology) antibodies. ␤-Actin was used as a loading control. The membrane was washed with 2% nonfat dry milk in TBSS for 15 min, incubated with horseradish peroxidase-conjugated anti-rabbit secondary antibody, and then incubated in 2% nonfat dry milk in TBSS for 1 h at 4°C. After incubation, the blot was washed with TBSS for 15 min. Detection was performed using Novex ECL Chemiluminescent Substrate reagents (Invitrogen). Densitometry was performed using ImageJ (NIH; rsbweb.nih.gov/ij). Statistical analysis. All data are presented as means Ϯ SE. Statistics were performed with Graphpad Prism (version 6). All graphs/ plots were made with Graphpad Prism (version 6). The effects of time and treatment or time and genotype were analyzed by two-way ANOVA with a post hoc Student-Newman-Keuls test. An unpaired Student's t-test was used to compare differences between control and treated groups. All P values of Ͻ0.05 were considered significant.
RESULTS
Decreased levels of Per1 are associated with lower plasma aldosterone levels and reduced 3␤-HSD expression in vivo.
As mentioned above, it has been previously shown that Cry1/2 controls aldosterone synthesis through the regulation of 3␤-HSD (12) . We (30) have also previously shown that Per1 and Cry2 modulate opposing actions on Per1 target gene expression in the kidney and liver and that Per1 heterozygous mice have an approximate 50% reduction in Per1 protein expression in these tissues. Therefore, to determine if Per1 regulates aldosterone levels, plasma aldosterone was assessed in WT and Per1 heterozygous mice by ELISA at noon (middle of the inactive phase) and midnight (middle of the active phase) under normal dietary conditions. It is well established in humans and rodents that aldosterone increases during the active phase and decreases during the inactive phase (1, 26) . In WT mice, plasma aldosterone levels were greater at midnight compared with noon, whereas Per1 heterozygous mice appeared to have a blunted circadian surge in plasma aldosterone levels (Fig. 1A) . Additionally, Per1 heterozygous mice exhibited lower plasma aldosterone levels compared with WT mice at both time points tested.
We hypothesized that the decreased plasma aldosterone levels seen in Per1 heterozygous mice could be due to decreased 3␤-HSD levels. We measured 3␤-HSD mRNA levels from WT and Per1 heterozygous adrenal glands at noon and midnight (Fig. 1B) . In WT mice, 3␤-HSD mRNA increased at midnight compared with noon, consistent with a role for 3␤-HSD in the circadian pattern of aldosterone. Interestingly, Per1 heterozygous mice exhibited lower 3␤-HSD levels at noon and midnight, with a significantly blunted circadian expression of this gene (Fig. 1B) . Expression of the mRNA encoding the enzyme aldosterone synthase (CYPB11) did not change (Fig. 1C) .
3␤-HSD expression is decreased after Per1 knockdown in NCI-H295R cells in vitro.
To further investigate the role of Per1 in the regulation of 3␤-HSD, we treated human adrenal NCI-H295R cells (14, 28) with Per1 siRNA and evaluated the effect of Per1 knockdown on 3␤-HSD mRNA expression using quantitative PCR. The NCI-H295R cell line was established from a primary adrenocortical carcinoma, expresses all the key enzymes for adrenal steroidogenesis, and has been demonstrated to secrete mineralocorticoids, glucocorticoids, and dehydroepiandrosterone (14) . As expected, Per1 siRNA resulted in a significant decrease in Per1 mRNA expression ( Fig. 2A) . Importantly, Per1 siRNA resulted in a 58% decrease in 3␤-HSD mRNA levels (Fig. 2B ). Per1 siRNA resulted in no significant difference in CYPB11 mRNA expression (Fig. 2C) . These results are consistent with our in vivo data (Fig. 1) . Per1 must be phosphorylated by CK1-␦/ε to enter the nucleus (20) . We (30, 31) have previously shown that pharmacological inhibition of CK1-␦/ε using PF-670462 recapitulated the effects of Per1 knockdown, including increased levels of Cry2, decreased ␣-ENaC mRNA and protein expression, and, importantly, decreased ENaC channel activity. PF-670462 has been previously shown to have an IC 50 for CK1-␦ of 15 nM and 7.7 nM for CK1-ε (5). To provide further confirmation of the regulation of 3␤-HSD, NCI-H295R cells were treated with PF-670462, and 3␤-HSD Weight-matched male WT 129/sv mice were given either vehicle (20% hydroxypropyl-␤-cyclodextrin) or 30 mg/kg PF-670462 subcutaneously every 12 h for 2.5 days starting at noon and euthanized at midnight 12 h after the last injection, as previously published and described (27) . Adrenal glands were harvested, and 3␤-HSD (A) and CYPB11 (B) mRNA expression was measured by quantitative PCR. Values are presented as means Ϯ SE; n ϭ 4. *P Ͻ 0.05 compared with WT mice. mRNA levels were assessed by quantitative PCR. Confirming our siRNA results, 0.1 M for 24 h was sufficient to achieve a significant reduction of 3␤-HSD mRNA levels (Fig. 3A) . CYPB11 was unchanged at all doses and times tested (Fig. 3B ).
To confirm that the reduction in 3␤-HSD mRNA was due to decreased Per1 nuclear entry, NCI-H295R cells were treated with 0.1 M PF-670462 for 24 h, nuclear extracts were collected, and Western blot analysis was performed to assess nuclear Per1 levels. Per1 nuclear levels were significantly decreased with PF-67042 treatment (Fig. 3, C and D) . 5 days starting at noon and euthanized at midnight 12 h after the last injection as previously described (27) . Adrenal glands were harvested, and Cry2 expression was measured by quantitative PCR. Values are presented as means Ϯ SE; n ϭ 4. *P Ͻ 0.05 compared with WT mice. Fig. 6 . Decreased Per1 results in impaired renal Na ϩ conservation. Weight-matched male WT 129/sv and Per1 het mice were placed in metabolic cages and allowed to acclimate for 3 days. Per1 het mice were fed the same amount of food as the WT mice ate the previous day. Mice were fed a normal gel diet (0.2% Na ϩ ) with free access to water. After 3 days, mice were switched to a low-Na ϩ diet (0.02%) for 7 days. Urine samples were collected daily. Flame photometry was performed to determine urinary Na ϩ concentrations. A: urinary Na ϩ retention over time with the average urinary Na ϩ retention during the normal diet and low-Na ϩ diet. n ϭ 5. *P Ͻ 0.05 compared with WT mice on given day. B: data shown by genotype and diet, averaged over the course of the normal diet (days 1-3) versus the low-Na ϩ diet (days 4 -10). n ϭ 5. *P Ͻ 0.05 compared with WT mice; †P Ͻ 0.05 compared with time (noon vs. midnight); ‡P Ͻ 0.01, significant interaction by two-way ANOVA. C: body weight relative to starting weight (day 3 of the acclimation period). n ϭ 5. *P Ͻ 0.05 compared with control.
Inhibition of CK1-␦/ in vivo results in the reduction of 3␤-HSD mRNA.
To further confirm the regulation of 3␤-HSD by Per1, WT mice were either given vehicle or PF-670462 as previously published and described by others (27) . Adrenal glands were harvested, and 3␤-HSD mRNA levels were assessed by quantitative PCR. Confirming our in vitro results, PF-670462 treatment resulted in significantly decreased levels of 3␤-HSD mRNA (Fig. 4A) . CYPB11 mRNA expression was unchanged (Fig. 4B) .
Loss or reduction of Per1 results in increased levels of Cry2 in adrenal glands and NCI-H295R cells.
It has been previously demonstrated that Cry1/2 KO mice have increased aldosterone synthesis due to increased levels of 3␤-HSD (12) . We (30) have recently shown that Per1 and Cry2 mediate opposing actions on Per1 target gene expression in the liver and kidney and that mice with reduced levels of Per1 have increased levels of Cry2. To test the effect of reduced Per1 on Cry2 adrenal gland cells and tissue, Cry2 mRNA levels were determined by quantitative PCR. siRNA-mediated knockdown of Per1 in NCI-H29R cells resulted in increased mRNA expression of Cry2 (Fig. 5A ). Pharmacological blockade of nuclear Per1 entry also resulted in increased levels of Cry2 in vitro (Fig.  5B) . Adrenal gland Cry2 mRNA expression was elevated in Per1 heterozygous mice euthanized at midnight relative to WT control mice (Fig. 5C ). Consistent with these results, PF-670462 treatment in vivo also resulted in increased levels of Cry2 mRNA in the adrenal glands of WT mice relative to vehicle-treated control mice (Fig. 5D) .
Mice with reduced levels of Per1 exhibit impaired Na ϩ retention. The mineralocorticoid hormone aldosterone, a component of the RAAS system, is a key regulator of Na ϩ reabsorption in the kidney (29, 34) . Per1 heterozygous mice exhibited lower plasma aldosterone at noon and midnight compared with control mice (Fig. 1) . We (16, 17, 31, 36) have previously demonstrated that Per1 regulates multiple genes involved in Na ϩ reabsorption in the collecting duct, including the regulation of ␣-ENaC. These observations led us to hypothesize that mice with reduced levels of Per1 would have increased urinary Na ϩ excretion. To determine if Per1 heterozygous mice excrete more Na ϩ , weight-matched male WT 129/sv and Per1 heterozygous mice were placed in metabolic cages, as previously described (15) , and allowed to acclimate for 3 days. Per1 heterozygous mice were fed the same amount of food as the WT mice ate the previous day. Mice were fed a normal gel diet (0.2% Na ϩ ) with free access to water. After 3 days, mice were switched to a low-Na ϩ diet (0.02%) for 7 days. Urine and feces were collected daily. WT and Per1 heterozygous urinary Na ϩ excretion decreased dramatically in response to the low-Na ϩ diet (Fig. 6A ). Per1 heterozygous mice exhibited higher urinary Na ϩ excretion relative to WT mice, and this effect was observed on the normal diet and on the low-Na ϩ diet (Fig. 6A) . When compared by genotype and time, Per1 heterozygous mice demonstrated increased urinary Na ϩ excretion on both normal and low-Na ϩ diets (Fig. 6B) . These results are consistent with our previous report (18) demonstrating higher levels of Na ϩ in the urine of Per1 KO mice compared with WT mice. Over the course of the experiment, WT mice gained 4.6% body weight compared with starting values. In contrast, Per1 heterozygous mice had no significant change in weight compared with control values (Fig. 6C) . Fecal Na ϩ levels were significantly lower in Per1 heterozygous mice than compared Fig. 7 . Per1 het mice excrete less Na ϩ in their feces on normal and low-Na ϩ diets. Weight-matched male WT 129/sv and Per1 het mice were placed in metabolic cages and allowed to acclimate for 3 days. Per1 het mice were fed the same amount of food as the WT mice ate the previous day. Mice were fed a normal gel diet (0.2% Na ϩ ) with free access to water. After 3 days, mice were switched to a low-Na ϩ diet (0.02%) for 7 days. Feces were collected daily. Flame photometry was performed to determine fecal Na ϩ concentrations on day 3 (normal diet) and day 10 (low-Na ϩ diet). Fecal Na ϩ excretion from day 3 (normal diet) and day 10 (low-Na ϩ diet) is shown. n ϭ 6. *P Ͻ 0.05 compared with WT mice; †P Ͻ 0.05 compared with time (noon vs. midnight). Fig. 8 . Decreased Per1 results in decreased urinary aldosterone levels. Weightmatched male WT 129/sv and Per1 het mice were placed in metabolic cages and allowed to acclimate for 3 days. Per1 het mice were fed the same amount of food as the WT mice ate the previous day. Mice were fed a normal gel diet (0.2% Na ϩ ) with free access to water. After 3 days, mice were switched to a low-Na ϩ diet (0.02%) for 7 days. Urinary aldosterone levels were determined by ELISA (ENZO) in WT and Per1 het mice on normal (day 3) and low-Na ϩ (day 10) diets. n ϭ5. *P Ͻ 0.05 compared with WT mice; †P Ͻ 0.05 compared with diet (normal vs. low Na ϩ ).
with WT mice, with no apparent difference in fecal output (Fig. 7, A and B) . This result may reflect a compensatory response to the increased urinary Na ϩ excretion. Decreased Per1 results in decreased urinary aldosterone levels. A low-Na ϩ diet results in an increase in aldosterone synthesis, termed an "aldosterone response" (38) . Per1 appears to regulate aldosterone levels, at least partially through decreased expression of 3␤-HSD. To test if Per1 heterozygous mice had a defect in the aldosterone response, urinary aldosterone measurements were made using samples from the metabolic cage experiments shown in Fig. 6 . Measurements were made using urine samples from the last day of the normal diet and the last day of the low-Na ϩ diet (days 3 and 10, respectively). As expected, WT mice exhibited an increase in urinary aldosterone in response to the low-Na ϩ diet (Fig. 8) . Importantly, urinary aldosterone levels were lower in Per1 heterozygous mice compared with WT mice on the normal diet and on the low-Na ϩ diet. However, Per1 heterozygous mice underwent an increase in urinary aldosterone in response to the low-Na ϩ diet, suggesting that the RAAS system is intact in these mice (Fig. 8) .
DISCUSSION
The purpose of this study was to investigate the role of Per1 in the regulation of plasma aldosterone and renal Na ϩ retention. We showed that Per1 regulated 3␤-HSD expression in vitro through the use of RNA silencing and pharmacological blockade of Per1 nuclear entry in the NCI-H295R human adrenal cell line. These results were confirmed in vivo. Mice with reduced levels of Per1 had decreased levels of plasma aldosterone and decreased mRNA expression of 3␤-HSD. Decreased Per1 in vivo was associated with increased urinary Na ϩ excretion. These data support a novel role for Per1 in the regulation of serum aldosterone levels and renal Na ϩ retention. It is well established that the RAAS and renal Na ϩ retention play a critical role in BP control. Multiple circadian mutant mice have an established BP phenotype. Clock KO mice are hypotensive, potentially due to decreased levels of the preglomerular vasoconstrictor 20-HETE (40) . Bmal1 KO mice exhibit reduced BP during the active phase (10) . Per2 KO mice exhibit decreased 24-h diastolic BP, increased heart rate, and reduced daytime dipping (18) . Cry1/2 KO mice exhibit saltsensitive hypertension, proposed to be due to increased synthesis of aldosterone (12) . We (36) have previously demonstrated that Per1 KO mice have significantly reduced BP compared with WT control mice. It is likely that multiple other factors contribute to the BP phenotype of these circadian mutant mice, including sympathetic activity (33, 37) , the heart (13), nitric oxide (19) , and the vasculature (4). Interestingly, a recent report (24) using gene expression profiling in normotensive and hypertensive humans of white European ancestry discovered that Per1 was overexpressed in the renal medulla of hypertensive patients.
Together with our previous report (36) , the data presented here suggest that loss or reduction of Per1 in vivo results in a phenotype that closely resembles that of Clock KO mice but is opposite that of mice lacking Cry1/2. Clock KO mice display a hypotensive phenotype and decreased urinary Na ϩ retention (26, 40), whereas Cry1/2 KO mice exhibit salt-sensitive hypertension and increased aldosterone production (12) . Per1 KO mice have significantly lower BP than WT control mice (36) , and the present study demonstrates that Per1 heterozygous mice exhibit reduced serum aldosterone levels and increased urinary Na ϩ excretion. Consistent with these apparently opposite roles for Per1 and Cry in the regulation of BP and renal Na ϩ handling, Cry2 was upregulated in vitro in adrenal gland cells and in vivo in adrenal gland tissue after reduction of Per1 expression. We (30) have previously shown that Cry2 is upregulated in the renal cortex of Per1 heterozygous mice relative to WT control mice. Considering the canonical circadian clock mechanism in which Per and Cry are described as transcriptional repressors, it might seem surprising that loss of Per1 and Cry1/2 in vivo results in opposite phenotypes. However, the results presented here support our recent finding that Per1 and Cry2 appear to mediate opposing actions on Per1 target genes in the kidney and liver (30) .
In summary, here we present in vivo evidence that is consistent with our in vitro observations of the regulation of ␣-ENaC (16, 18) and ENaC activity (31) by Per1. Together with our previously published report (36) regarding a role for Per1 in the coordinate regulation of multiple genes involved in the regulation of renal Na ϩ reabsorption, the data presented here support a role for Per1 in the regulation of renal Na ϩ reabsorption through a potential mechanism involving the modulation of serum aldosterone levels.
